Low-temperature solution growth of Si crystals using Na was demonstrated based on the NaSi binary phase diagram. Single crystals, films, porous bulk samples, and helical microtubes of Si crystals were prepared from a NaSi solution by Na evaporation. Dissolution and crystallization of Si in a Na melt reduced the impurity content in the Si crystals. Low-temperature synthesis and morphology control of porous SiC ceramics using Na were also performed and a new ternary compound, Na 8 B 74.5 Si 17.5 , was synthesized.
Introduction
Si is widely used for electronic materials such as solar cells and semiconductor substrates. Furthermore, it is also a valuable component of silicon-based materials such as silicon carbide (SiC), silicon nitride, and transition metal silicides. The importance of Si is growing in materials engineering due to its availability and low environmental load.
Single crystals and polycrystalline bulk Si for semiconductor devices are generally fabricated from Si melts. Since the melting point of Si is 1687 K, high-temperature heating (above 1687 K) is needed to grow Si crystals. This high melting point means that Si-based compounds must also be synthesized at high temperatures. Low-temperature fabrication methods would therefore be valuable to reduce production costs, the environmental load from CO 2 emissions, and consumption of utensils such as crucibles and heaters.
Low melting-point metal fluxes have been studied as a means of obtaining low-temperature synthesis. Na in particular is interesting for synthesis due to its low melting point of 371 K. Yamane et al. has synthesized the novel nitrides and nitriderelated compounds by using Na melt as a flux. 1) Gallium nitride (GaN), which is usually synthesized at high temperature and high pressure, can also be synthesized at lower temperature and lower pressure by using a Na flux. 1) In 2006, synthesis of new ternary carbides was attempted by using a Na flux. During this study, it was revealed that the Na flux was effective for the low-temperature synthesis of SiC 2)4) ahead of the preparation of a new ternary carbide, Ba 3 Si 4 C 2 . 5) We investigated the NaSi binary phase diagram to understand the mechanism of low temperature SiC formation. 6) The phase diagram reveals that Si is dissolved in Na melts at a temperature lower than the melting point of Si, allowing low-temperature growth of Si crystals. 6) The present paper reviews the studies on the NaSi binary phase diagram, the low-temperature growth of Si crystals from NaSi solution, and the morphology control 6)8) and purification of Si crystals using Na 9),10) as well as on the low-temperature synthesis and morphology control of porous SiC ceramics using Na. 11),12) Furthermore, a new high hardness compound, Na 8 B 74.5 -Si 17.5 , has been synthesized with the NaSi solution. 13) 2. Na-Si binary phase diagram NaSi 14) and Si clathrate compounds Na x Si 136 (x = 024) 15)17) have been reported in the NaSi binary system. However, the NaSi binary phase diagram, including the melting points and phase relation of NaSi compounds, has never been reported. Phase diagrams provide essential information on appropriate conditions for materials synthesis and crystal growth. It is in this context that we studied the NaSi binary phase diagram.
Differential thermal analysis (DTA) was carried out on NaSi samples with various compositions. The crystal phases before and after DTA were identified by X-ray diffraction (XRD) and the texture of the samples was observed. Figure 1 shows the NaSi binary phase diagram based on the results of these experiments. 6) In this diagram, NaSi (monoclinic, a = 1.219, b = 0.655, c = 1.118 nm, ¢ = 119.0°, space group C2/c) 14) is confirmed as the only binary NaSi compound. This compound melts at 1071 K and shows a phase transition at 885 K. There are two liquid phases, L1 and L2, with a eutectic point at approximately 953 K. The eutectic point of NaSi and Si was determined to be 1023 K for compositions with more than 50 mol % Si. Samples containing 5580 mol % Si, analyzed after DTA, were a mixture of Si and NaSi, and no other phase such as Si clathrate compounds was detected by XRD. These clathrate compounds have previously been synthesized by decomposition of NaSi and volatilization of Na in a vacuum at temperatures in the range of 648 723 K. 15)17) 3. Low-temperature growth of Si crystals from a Na-Si solution by Na evaporation As shown in the NaSi binary phase diagram ( Fig. 1 ), Si is dissolved in a Na melt at 1173 K. Since the boiling point of Na is 1154 K at 1 atm and the vapor pressure of Na is relatively high above 973 K, Na can be removed from the products by evaporation. We attempted low-temperature growth of Si crystals from NaSi solutions by Na solvent evaporation. 6)8) The NaSi mixture (molar ratio Na/Si = 3:2) was heated at 1173 K. Na evaporation changed the composition of the sample toward the liquidus line at around 55 mol % Si at 1173 K, allowing crystallization of supersaturated Si to begin. After Na evaporation, single crystal Si was obtained as shown in Fig. 2 . The crystal was surrounded by {112} facet planes, as determined by single crystal XRD. 8) When the NaSi mixture was heated at 1073 K in a small boron nitride (BN) crucible, the inside wall of the crucible was coated with NaSi solution. A 1020¯m thick silicon film was crystalized by Na evaporation [ Fig. 3(a) ], 6) and radial growth of fine needle Si crystals was observed, as shown in Fig. 3(b) . These results indicate that Si films could be deposited on a substrate by evaporating Na from a coating of NaSi solution.
Likewise, porous bulk Si was prepared by using a mixture of NaSi and Si (molar ratio Na/Si = 1:2) powders. 6) The mixture was pressed into a rectangular compact of 3 © 3 © 14 mm 3 with a die in an Ar gas-filled glove box and then heated at 1073 K. Note that this temperature is above the eutectic point of 1023 K for Si-rich compositions. At 1073 K, the NaSi grains melted and became Si grains by Na evaporation, bonding the premixed Si grains in the sample. For the preparation of Si microtubes, a disk of compacted NaSi powder was heated from room temperature to 1073 K in a temperature gradient reactor. After heating, a disk of polycrystalline Si was obtained by Na evaporation. A large number of microtubes of approximately 1050¯m in diameter grew on the disk surface. 7) The lengths of the microtubes ranged from several hundred micrometers to approximately 2.5 mm. Figure 5 microtubes as shown in Fig. 5(c) . The helical structure is probably the result of rapid shrinkage of the NaSi tube caused by Na evaporation.
The results described above show that the Na evaporation method provides control over the morphology of Si crystals through the heating temperature and NaSi solution composition. This new approach is expected to lead to new functions and applications for Si.
Purification of Si crystal using Na
The demand for high purity Si is rapidly increasing due to the expansion of the solar cells market. The solar grade Si has been mainly produced by the Siemens method, however, it is a high-cost process because large amounts of electrical energy are consumed and the production yield is not enough. The solidification method has also been studied for the purification of Si. 18) However, some elements with large segregation coefficients, such as B and P, are extremely difficult to remove by solidification segregation.
The impurities in Si were efficiently removed by lowtemperature purification because the solubility of impurities in Si decreases with decreasing temperature. 19) The low-temperature purification of Si crystal was proposed using Al 20), 21) and Sn 22)24) solvents. However, after crystallization of Si from these solutions, the elements of the solvents were highly doped in the Si crystals. We attempted to purify Si by crystallizing Si from a Na Si solution at low-temperature. 9),10) Na can be removed from the products and be reused by evaporation and condensation.
Low purity Si powder was dissolved in a Na melt, and Si grains were crystallized by Na evaporation from the NaSi solution at 1173 K. Table 1 . The concentration of Fe (3200 ppm), predominant impurity in raw Si powder, decreased to 1.5 ppm in the refined Si grains. The concentrations of most impurity elements were decreased by recrystallization of Si from a NaSi solution. Phosphorus, which is difficult to remove by solidification segregation, was also reduced from 73 ppm in the raw Si powder to 3.4 ppm in the refined Si grains. 9) Boron was also efficiently removed by recrystallization of Si from a NaSi solution in a magnesium oxide crucible as shown in Table 1 . 10) The Si purification process proposed here is illustrated schematically in Fig. 6(b) . Following the NaSi binary phase diagram, 6) Si powder was dissolved in the Na melt and formed a solution with a composition of 40 mol % Si. Certain impurities were not dissolved in the NaSi melt and deposited as metal silicides on the bottom of the crucible. Supersaturated Si was crystallized by Na evaporation. Since the solubility of impurities in liquid NaSi is higher than in solid Si, the impurity concentration in the NaSi solution was increased by the crystallization of Si. Na was completely vaporized from the sample, leaving the impurities to deposit on the surface of the Si crystals. Porous SiC ceramics are widely used for engineering materials such as diesel particle filters (DPF) and light-weight structural materials. 25)27) SiC-DPF are usually prepared by sintering SiC powder at high temperatures, above 2473 K. 25) In other way, carbon porous structures are converted into SiC porous ceramics by infiltration of Si melt at temperature above the melting point of Si (1687 K). 26), 27) In contrast, the low-temperature fabrication of porous SiC, sintering of SiC powder with a polymer as precursor or bonding materials, have been studied. 28)31) The porous SiC ceramics, bonded with polycarbosilane-derived SiC 28), 29) or silicon-resin-derived SiOC, 30) were fabricated at 1273 K or 1373 1673 K, respectively. The silicon oxycarbide SiOC-bonded SiC porous ceramics were prepared from SiC-polysiloxane mixtures at 9731173 K. 31) We have synthesized SiC porous ceramics by reaction sintering of Si and C with Na at a low-temperature of 9731173 K. 11), 12) Powders of Si and carbon back were mixed with the stoichiometric molar ratio of Si/C = 1:1, and the mixed powder was pressed uniaxially into a compact. Two separate BN crucibles were used for the compact and for Na, which were placed in a stainless-steel container, and heated at 1173 K. Na was thereby transferred to the compact as a vapor. Following the formation of SiC, the Na attached to the sample was removed by evaporation. 11) According to the NaSi phase diagram, Na vapor was adsorbed by Si and the NaSi solution was formed at 1173 K. The NaSi solution permeated into the carbon black, forming pores by compacting around the Si grains. The Si grains thus served both as source material and as a template for the formation of pores.
An SiC-C mixture was obtained by heating a compact with a molar ratio of Si/C = 1:2 in Na vapor. By oxidation of the carbon, SiC with porosity of 73% was obtained. Indeed, porosities of approximately 5085% can be obtained by varying the Si/C ratio.
In an alternative approach, porous SiC was synthesized with a NaSi solution. 12) Specifically, activated charcoal was heated in a NaSi solution at 973 K. NaSi infiltrated into the pores and cavities of the activated charcoal, and the micropores were buried by the formation of SiC, which reduced the porosity to 30%.
The flexural bending strength of the porous SiC ceramics with a porosity of 61%, prepared by using a Na at 1173 K, was measured to be 14 MPa. Flexural strengths of 17 MPa at 61% porosity 32) and 10 MPa at 63% porosity 33) were measured for the reaction-bonded porous SiC ceramics sintered with oxide additives at 1573 and 2023 K, respectively. The porous SiC ceramics prepared with polymer binders at low-temperature of 1373 K, showed flexural strengths of 4 MPa at 52% porosity 28) and 15 MPa at 64% porosity. 29) A comparable strength was obtained for the porous SiC ceramics prepared at 1173 K using Na.
6. Synthesis of a novel compound, Na 8 B 74.5 Si 17.5 While researching new ternary compounds formed in NaSi solution, we discovered a new ternary sodium borosilicide, Na 8 B 74.5 Si 17.5 . 13) Single crystals of Na 8 B 74.5 Si 17.5 were synthesized by heating crystalline boron in a NaSi solution at 1273 K. XRD of the crystal revealed hexagonal cell parameters a = 1.02392(3) and c = 1.09215(4) nm (space group P6 3 /mmc). In Fig. 8, B 12 icosahedra form a three-dimensional framework having small triangular and large hexagonal channels along the c axis. Chains of [Si(SiSi) 3 Si] surrounded by Na atoms are located in the large channels along the c axis. The Vickers hardness measured for the c-plane of the prismatic single crystals was about 20 GPa, and this compound is therefore expected to be a high-hardness material. Furthermore, unique properties are expected due to its novel structure. Morito: Low-temperature synthesis of Si and Si-based compounds using Na JCS-Japan
Summary
Low-temperature solution growth of Si crystals was performed based on the newly investigated NaSi binary phase diagram. The efficient removal of impurities in Si was demonstrated by dissolution and recrystallization in a Na melt at low temperature. Topics of future interest include an evaluation of the electric properties of the Si crystals prepared from the NaSi solution, improving Si crystal purity, and fabrication of solar cells using the refined Si. In a procedure similar to the one used for Si crystal growth, low-temperature synthesis of porous SiC ceramics was developed.
The technology for handling Na is well known because large quantities of Na have been used as electrode material in sodium sulfur (NaS) batteries and as coolant in fast breeder reactors. Furthermore, since Na can be reused by evaporation and condensation in the processing, it can be thereby reducing the Na consumption and the cost.
The NaSi system had so far not been explored because the NaSi binary phase diagram was not known before our study. We found a novel compound, Na 8 B 74.5 Si 17.5 based on the NaSi phase diagram. The NaSi binary phase diagram and the material synthesis processes using NaSi, which are reviewed in this article, are valuable for future material science and engineering of Si-based ceramics.
